Abstract-Pressure Ulcer (PU) or pressure sore is localized injury to the skin or underlying tissue or both that occur over a bony prominence when a patient is subjected to direct pressure for a lengthy period. Research have shown that skin blood flow response (SBFR) is a useful signal in PU evaluation due to its ability to determine ischemic stress response. In previous animal study, peak reactive hyperaemia (RH), a feature of SBFR has been measured for three loading-unloading cycles to indicate tissue recovery. However, in that study, peak SBFR feature cannot discriminate between tissue injury and tissue recovery effectively for short recovery time. In this study, the potential use of other SBFR signal features including time domain features i.e time to peak and frequency domain features i.e peak of power spectrum and total of power spectrum are investigated. The results show that for the samples taken, peak RH and area under the curve are both effective at discriminating between short of insufficient recovery time while other investigated features are ineffective.
I. INTRODUCTION
One of the severe illnesses for people with mobility disorders, like elderly in home care and long-term care is Pressure Ulcer (PU). The prevalence in hospitalized patients range from about 3% to 11% [1] and the cost of treating pressure ulcers rises with treatment cost for a Stage 4 pressure ulcer acquired either in community setting or in the hospital exceed USD 120 000 once the skin is injured [2] .
PU can be developed by lengthy period of mechanical loading on the soft tissues [3] [4] [5] , shear forces [4] [5] [6] and friction [4] [7] that causes capillaries occlusion [8] and localized ischemia [6] [9] resulting in tissue damage [10] [11] , inflammation [7] , impaired interstitial fluid flow and lymphatic drainage [12] , reperfusion injury [13] , and sustained deformation of cells [14] . However, local ischemia is agreed as the primary aetiology of PU [6] [13] [15] [16] [17] .
Early and effective PU detection and prevention will greatly reduce patient suffering and discomfort [18] . The gold standard [19] of PU prevention is repositioning of patient for every two hours [4] [13] to relieve prolonged pressure. However, only 57% of respondents agreed on the effectiveness of 2 hours repositioning in the hospital [19] [20] . In order to determine the sufficient amount of time for the repositioning, the relationship between the pressure loading duration with tissue condition must be established. Furthermore, in determining the sufficient amount of time for the repositioning non-invasively, it is proposed that the features of SBFR based signal [21] along with the trends of these features formed over several repetitive loading cycles be utilized to indicate tissue injury and recovery.
The studies of SBFR have contributed to the generous growth on the understanding of pressure ulcers and role of ischemia [22] [23] .SBFR over time measurement is related to the amount of direct pressure applied [24] . Peak hyperaemia is the most widely used among the parameters of SBFR [6] [21] [25] [26] [27] [28] [29] to study the acuteness of tissue ischemia.
In the previous animal study [21] , 21 male SpragueDawley rats were grown and divided into three groups with fixed loading pressure applied to each group with three different recovery time; short, moderate and prolonged (3 min, 10 min, and 40 min) recovery for three repetitive loadingunloading cycles with fixed pressure and loading time (50 mmHg and 10min). Each peak hyperaemia for each cycle were extracted from filtered SBFR to establish the trend and three RH trends were observed during the three different unloading times ( Figure 1 and Table 1 ). It was hypothesized that the percentage of increasing RH trend decreases when the recovery time increases [21] . Thus, hypothesis is true as the number of samples with inconsistent trend increase as the recovery time increases. Note that inconsistent trend replaces a flat trend as it's not possible to get a flat trend in real experimental data. The inconsistent RH trend indicates that the weight-bearing tissue recovers before the next loading [21] . However, the percentage of increasing RH trend for short recovery time (57% or 4/7 samples) is relatively small. Such that the tissue recovery cannot be discriminated effectively. Other than peak RH, additional SBFR signal features include area under the curve of hyperaemic response and time to peak have also been proposed [6] . Area under curve has been proposed as one of the features as it is considered as a proportion of the need for metabolic reimbursement following tissue ischemia [6] [30] and time to peak was suggested to indicate vascular resistance [6] [31] .
Frequency domain includes Fast Fourier Transform (FFT) have been used to study the essential contributions of the control systems of blood flow oscillations (BFO) [6] [32] [33] [34] ] and to analyse Laser Doppler Flowmetry (LDF) time series [35] . FFT can quantify the periodic oscillations of skin blood flow which show the energy of the SBFR signals at given frequencies [6] [36] . FFT is providing the distribution of the power spectrum [ [37] which is the power or energy of the signal which is called power spectrum.
In the present study, the trends of SBFR signal features including time and frequency domain features are extracted from SBFR data in [21] and the following hypotheses are tested: Trends of SBFR signal features such as area under the curve, time to peak, peak of power spectrum and total power spectrum can be used in evaluating tissue recovery and discriminate the tissue condition effectively. In the previous study [21] SBFR data was measured on anaesthetized rats using a Laser Doppler Flowmetry (LDF) probe (Probe 407, Perimed AB, Sweden) with LDF system (PF 5001, Perimed AB,Sweden). The SBFR time domain data is filtered using fourth-order Butterworth low pass filter [35] with cut-off frequency of 0.74 Hz to eliminate noise and the effects of respiration and cardiac activities. The results are shown in the SBFR data for all three cycles were manually segmented to extract the unloading data range for each cycle only as shown in Figure 4 . In addition, frequency domain features including peak power spectrum and total power spectrum are extracted using Fast Fourier Transform (FFT) method.
The FFT is given by
where Xn is the discrete sequence of the SBFR signal, k is the discrete frequency and N is the data length.
The power spectrum estimate shows the signal power distribution over frequency. The power spectrum is given by And total power spectrum can be defined as:
For power spectrum estimation, K is 188 due the effective frequency signal taken to be below 1 Hz.
III. DATA ANALYSIS AND RESULTS
The comparisons are made between the proposed time and frequency domain features. The results are presented in Fig.6 -9 and summarized in Table II -V. The results in Fig.7 and Table III indicate that time to peak is useful in detecting prolonged or sufficient recovery (85%), However the features also detects 57% of inconsistent trend for short recovery. Thus, indicate that time to peak is unable to distinguish between short and prolonged recovery time effectively. From Fig.8 and Table IV , results indicate that 57%of prolonged recovery time samples show the inconsistent trend (from 1 st to 3 rd cycle). Hence, peak power spectrum can detect the sufficient recovery time, but it cannot detect the insufficient recovery time since increasing and decreasing trends show the same percentages. The results in Fig.9 and Table V, indicate that 57% (4 samples) of moderate recovery time and 43% (3 samples) of prolonged recovery time samples show inconsistent trends. However, total power spectrum gives the same percentage (43%) in increasing and decreasing trend for short recovery time, and inconsistent trend for prolonged recovery time.
IV. DISCUSSION AND CONCLUSION
The results indicate that as the recovery time increases, the number of samples with increasing increasing trend decreases which can be observed from first row of table II, III, IV and V and as the recovery time increases , the number of samples with inconsistent trend increases which can be observed from third row of table II, III, IV and V. It applies to all extracted features : area under the curve, time to peak, peak of power spectrum and total power spectrum. Area under the curve is more suitable to detect short or insufficient recovery time compared to peak RH [21] and is reconfirmed in this study. It shows that the ability of metabolic repayment in short recovery time is not sufficient to recover due to tissue ischemia. As the recovery time increases, it reflects the metabolic debt repayment to the tissue . Hence, time to peak more suitable to detect prolonged or sufficient recovery time and it shows that the collateral vessels have sufficient time to react to ischemia.
Power spectrum in frequency domain is used to evaluate the abnormalities in SBFR signals. Higher peak of power spectrum indicates that higher disturbance during metabolic activity during the debt repayment of tissue. Higher peak of power spectrum indicates that higher disturbance during metabolic activity during the debt repayment of tissue. However, the trend for peak of power spectrum and total power specrum features give the lower percentage (same percentage(43%) ) in short recovery time. It indicate that the trends cannot be distinguished clearly for short recovery time. Therefore, the analysis of frequency domain in evaluating tissue recovery time for pressure ulcer detection need further studied.
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